The electromagnetic method of blood flow measurement has many advantagesl 2 which make it particularly suitable-for the investigation of the complex hemodynamic problems of the coronary circulation. Flow may be measured in unopened arteries, obviating the need for cannulation, trauma to the vessel, and anticoagulants. Both forward and backward flows are faithfully recorded. The flow signal is independent of the viscosity and velocity profile of the blood and, with an approximation sufficient for practical purposes, of the thickness of the arterial wall. The frequency response is sufficiently high to give accurate recordings of instantaneous flow, and the calibration curves are strictly linear. Although in recent years developments in flow transducer design" have made it possible to use the method in coronary blood flow studies,4-7 its full potential has not been exploited since flow in only one coronary artery or major branch has been measured at any one time and this flow is not necessarily representative of coronary arterial inflow as a whole. Using gated sine-wave electromagnetic flowmeters," 8 we have now measured simultaneously in the anesthetized dog blood flow in all the major coronary arteries, namely, the right coronary artery and the circumflex and anterior descending branches of the left coronary artery. It is therefore possible to measure almost the entire coronary inflow and its distribution to different regions of the myocardium under various conditions. The purpose of this communication is to present the data obtained from these simultaneous flow measurements, to describe the simultaneously recorded instantaneous flow patterns in the major coronary arteries, to correlate the cyclical coronary flow changes with the main events of the cardiac cycle, and to illustrate the value of phasic coronary flow records in estimating changes in myocardial contraction and coronary vascular resistance produced by physiological and pharmacological means.
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Methods.-Dogs weighing 25-30 kg were anesthetized with intravenous pentobarbitone sodium, and the trachea was intubated. The heart was exposed by a median sternotomy performed while ventilation was maintained with a Bird Mark S respirator. After the pericardium was opened, the ascending aorta and 1-cm lengths of the right coronary and left anterior descending coronary arteries were dissected free from surrounding fat and connective tissue. It was occasionally necessary to ligate small coronary artery side branches to secure an adequate length for application of the flow probes.' Access to the left circumflex coronary artery was obtained through an incision in the fifth left intercostal space. Flow probes6 8. 9 were then placed on the aorta and coronary arteries (Fig. 1) . The flow channels used have been described previously.' 8 The input impedance of each was 500,000 ohms.
Zero levels were established for the coronary flowmeters by momentarily occluding the coronary arteries immediately distal to the probes and adjusting the phase control until the mechanical and electrical zeros were equal. The aortic zero flow level was obtained by adjusting the phase control until the recorded aortic flow just before the onset of ventricular ejection coincided with the electrical baseline. Aortic pressure was measured by a Sanborn Physiological Pressure Transducer via a polyethylene catheter inserted into a carotid artery and advanced to a point just above the aortic flowmeter. In some experiments pressures in the left and right ventricles were measured via catheters inserted into the ventricular cavities through 15-gauge needles which were sub-VOL. 52 Coronary flow changes during the cardiac cycle: In most of our experiments aortic e w1 -1; 1 1 flow was measured at the same time as coronary flow. Figure 2 shows the simultaneously recorded instantaneous flows in PRESSURE T the three major coronary arteries of two dogs which had flow probes on the ascend- The flow patterns of both right and left coronary arteries differed from those obtained in the absence of the aortic probe, as shown in Figure 3 . These differences are probably due to the effects of the rigid sleeve of the flow probe upon the propagation of the pressure pulse wave in the ascending aorta. Identical changes could be produced by binding the vessel with nonstretch tape. any of the main coronary arteries, flow increased in the previously occluded vessel due to peripheral coronary vasodilatation. Figure 6 illustrates the flow changes in the left anterior descending coronary artery. In this experiment a device was used to divide the flow signal into two parts, each of which was fed into a separate the various events of the cardiac cycle with the complex fluctuations of flow in the coronary arteries (Fig. 8) . During isovolumetric contraction (shaded areas IC, Fig. 8 ), the ventricles are closed cavities since the atrioventricular, aortic, and pulmonary valves are closed. Intraventricular cavity pressures therefore increase rapidly, and experimental evidence suggests that the intramural pressure of the left ventricular myocardium also increases significantly so that the flow of blood through the intramyocardial branches of the circumflex and anterior descending branches of the left coronary artery is impeded.12 The flow in these vessels usually decreases almost to zero (Fig. 8A) and occasionally reverses. The systolic impediment to flow in the right coronary artery results in only minor flow changes (Fig. 8B) , presumably because of the lower pressures developed in the right ventricle. When the rising left ventricular pressure exceeds aortic pressure, the aortic valves open and blood is ejected from the ventricle with great acceleration and aortic pressure rises. Flow in the three main coronary arteries accelerates during this time, but after only 20 msec this acceleration is halted and an almost e equally rapid deceleration occurs. These changes produce a "spike" in than that prevailing at the end of the right coronary artery. Shaded area IC = period isovolumetric contraction period. As of isovolumetric contraction, shaded area IR = period of isovolumetric relaxation. Arrows 1, 2, the left ventricle relaxes, its intracavity and 3 indicate features which appear or are acpressure falls below the aortic pressure, centuated after the application of an aortic and the aortic valves close. Recent work' suggests that this closure coincides with the onset of aortic backflow (beginning of shaded interval IR, Fig. 8 ). Following closure, it has been observed radiologically that the valve descends and the aortic root becomes distended. '4 Aortic backflow occurs during this period. A rebound of the aortic blood column impinging upon the aortic walls produces a small rise of pressure which, in conjunction with the continuing relaxation of the myocardium, results in a rapid acceleration of flow through all the coronary arteries after which flow continues at a relatively steady level until the onset of the next systole. Wbhen an aortic flow probe is present, a greater acceleration of flow occurs in the coronary vessels following aortic valve closure and is followed by a deceleration after some 20 msec. This results in the formation of another "spike" in the coronary flow records. The significance of the sharp accelerations and decelerations of flow which follow the opening and closing of the aortic valves, especially when an aortic probe is present, is difficult to determine in the absence of detailed information on the propagation and reflection of pressure pulses in the aorta and coronary vessels. The value of a careful study of simultaneously recorded phasic flows in the coronary arteries and aorta in assessing drug actions is shown by a more detailed consideration of Figure 4B . Following the intracoronary injection of 1 4g levarterenol, the period of isovolumetric contraction was reduced and blood was subsequently ejected with greater acceleration into the aorta. The period of ventricular ejection, however, was reduced and no significant change in stroke volume occurred in this experiment. The drug therefore increased both the rate and force of ventricular contraction. At the same time the volume of forward systolic flow in the left anterior descending coronary artery was greatly reduced, and during most of systole backflow was recorded. During diastole, however, coronary flow increased although the dose of levarterenol injected produced no alteration of aortic pressure. A reduction in resistance must therefore have occurred in this vascular bed presumably due to a dilatation of the coronary arterioles. Figure 4B also shows a disturbance of cardiac rhythm following the injection of the drug. The arrow indicates a transient reduction in coronary flow 60 msec before a ventricular contraction would have been recorded in the presence of a normal rhythm. This transient reduction in coronary flow was not associated with a subsequent ejection of blood into the aorta and must therefore have been due to a premature contraction of insufficient strength to open the aortic valves. It is of interest that the rate of backflow produced by this ectopic beat is of the same magnitude as that produced by the pre-ectopic beats, which suggests that intramural ventricular pressures are not necessarily closely correlated with intracavity pressures. During the disturbance of rhythnt, ventricular filling continues, and so the postectopic beat ejects a larger volume of blood. During the abnormally long interval without ventricular ejection, the aortic pressure gradually declines and there is an associated reduction of coronary flow. Another consequence of the reduced aortic pressure is that the aortic valves will open earlier during the next cardiac cycle, and the reduction in the period of isovolumetric contraction of the postectopic beat is readily seen.
When aortic and coronary flows and aortic pressure are simultaneously recorded, the effect of a change in one of these parameters on the others is easily studied. It is hoped that this approach will be of value in investigating such problems as the immediate circulatory effects of a coronary arterial occlusion and the early adaptation to them. Should it become possible to apply this method of multiple electromagnetic flow measurements to conscious animals, the long-term adaptation including the development of the collateral coronary circulation could also be followed.
Summary.-Gated sine-wave electromagnetic flowmeters have been used to measure mean and phasic flow simultaneously in the right coronary and the anterior descending and circumflex branches of the left coronary artery in the anesthetized open-chest dog. The simultaneously recorded flow patterns in these arteries have been described and related to other events in the cardiac cycle. Changes in the flow pattern produced by alteration of inflow pressure, force of myocardial contraction. and coronary vascular resistance have been described.
